The human prostate gland contains extremely high zinc levels; which is due to the specialized zinc-accumulating acinar epithelial of the peripheral zone. These cells evolved for their unique capability to produce and secrete extremely levels of citrate, which is achieved by the high cellular zinc level effects on the cell metabolism. This review highlights the specific functional and metabolic alterations that result from the accumulation of the high zinc levels, especially its effects on mitochondrial citrate metabolism and terminal oxidation. The implications of zinc in the development and progression of prostate cancer are described, which is the most consistent hallmark characteristic of prostate cancer. The requirement for decreased zinc resulting from down regulation of ZIP1 to prevent zinc cytotoxicity in the malignant cells is described as an essential early event in prostate oncogenesis. This provides the basis for the concept that an agent (such as the zinc ionophore, clioquinol) that facilitates zinc uptake and accumulation in ZIP1-deficient prostate tumors cells will markedly inhibit tumor growth. In the current absence of an efficacious chemotherapy for advanced prostate cancer, and for prevention of early development of malignancy; a zinc treatment regimen is a plausible approach that should be pursued.
For most mammalian cells, the total cellular zinc concentration is typically in the range of ~100-500 μM (for review [2] ). In contrast, the zinc concentration in the normal specialized zinc-accumulating prostate epithelial is in the range of ~800-1500 μM. This is apparent from in situ zinc staining of peripheral zone tissue sections ( Fig. 1) , which reveals the prominent cellular zinc level in the normal acini epithelium; as compared to the lower zinc staining of the surrounding stromal tissues. As will be discussed below, Fig. 1 also shows that the high zinc level in the normal epithelial cells is markedly decreased in the malignant prostate cells.
Also important is the intracellular distribution of the total zinc in the normal prostate epithelial cells and other mammalian cells. Especially relevant is the localization of ~40% of the total cellular zinc in the mitochondria of most cells. Because of the much higher cellular zinc in the normal prostate epithelial cells, the mitochondrial zinc concentration is ~20-fold greater than in other cells [3] . This high mitochondrial zinc concentration is extremely important for the manifestation of the functional and metabolic effects of zinc in the normal prostate cells.
The alternative metabolic pathway in the normal specialized "zincaccumulating, citrate-producing" prostate epithelial cells"
The preceding background leads to the major characterization of the normal prostate acinar epithelial cells as specialized "zinc-accumulating citrate-producing cells." The achievement of this specialized cellular capability requires major coordinated metabolic and functional alterations that do not exist in "typical" mammalian cells. It is essential to understand the metabolic implications associated with the evolution of these specialized cells.
It is important to define and understand the meaning and implications of the metabolic characterization of "citrate-producing" cells; and the metabolic capability of "citrate production". Essentially all mammalian cells "produce citrate", i.e. "synthesize" citrate. In fact, with some exception, the major source of citrate in mammalian cells is their mitochondrial synthesis of citrate as typically shown in conjunction with the Krebs cycle (Fig. 2) . The synthesized citrate is typically retained in the mitochondria; where it is utilized via its entry into the Krebs cycle. Alternatively, as in proliferating cells, the mitochondrial citrate is exported to the cytosol, where it is metabolized to acetylCoA for lipid biosynthesis.
In the citrate-producing prostate epithelial cells, the mitochondrial citrate is inhibited from utilization via the Krebs cycle; and is exported to the cytosol and secreted into the acini lumen during the production of prostatic fluid. This secreted citrate represents the unique cellular metabolic pathway that we refer to as "net citrate production" (Fig. 2) . Although this unique metabolic capability is essential in specialized "citrate producing cells" (such as the prostate cells, and more recently in the osteoblasts [4] ), this alternative citrate-producing metabolic pathway had never been identified in any cells. This became a focus of our research program since ~1975 and continued over ~25 years, leading to our current identification and understanding of the metabolic pathway of citrate production in the specialized normal prostate epithelial cells. This current status (Fig. 2) by no means represents the complete metabolic implications and requirements, which requires much more research to establish. However it does present the important metabolic transformations that we have identified as being most directly involved in prostate citrate production; and especially in relation to the required involvement of zinc.
The following highlights the major events and consequences of the transformation from the typical mammalian cell citrate-related metabolism to the citrate-producing metabolism of the specialized normal prostate epithelial cells.
1.
Upregulation of ZIP1 zinc transporter and increased cellular/ mitochondrial accumulation of zinc.
2.
Inhibition of m-aconitase activity and citrate oxidation (i.e. "truncated Krebs cycle").
3.
Export of mitochondrial citrate to cytosol and its secretion into prostatic fluid.
4.
Loss of 6-carbon citrate which needs to be replaced by a source of acetyl CoA and OAA
5.
Upregulation of PDH to increase production of acetylCoA.
6.
Upregulation of aspartate transporter and uptake of aspartate as a source for mitochondrial OAA.
7.
Upregulation of mAAT for the production of OAA.
These are coordinated and integrated genetic/metabolic events, which are regulated by testosterone and prolactin in providing the major dual hormonal regulation of prostate citrate production (described below).
It is also important to emphasize the bioenergetic implications of the metabolic pathway in the specialized zinc-accumulating citrate-producing prostate epithelial cells. The complete utilization of glucose via glycolysis/Krebs cycle oxidation, which typifies mammalian cell energy metabolism, results in the generation of ~38 ATP/glucose as shown in Fig. 2 . In the prostate epithelial cells, the utilization of glucose for citrate production results in the generation of ~14 ATP/glucose. The inhibition of citrate oxidation via the Krebs cycle results in the loss of ~24 ATP/glucose utilized. Consequently, prostate epithelial cell citrate production has a significant bioenergetic cost of ~64%. To compensate for this bioenergetic consequence and to provide sufficient pyruvate → acetylCoA for continued production of citrate, these prostate epithelial cells exhibit increased aerobic glycolysis [5, 6] . These relationships provide the rationale for the conclusion that citrate production and secretion represent the major function of the prostate gland.
The zinc connection: inhibition of m-aconitase activity in normal prostate epithelial cells
The parallels between prostate zinc and citrate levels had been known since ~1950; and had been suggestive of a likely important metabolic link between zinc accumulation and citrate levels. However, until 1997 [7] , such a link or mechanism remained elusive due to the absence of a known citrate-related metabolic/ biochemical effect of zinc in mammalian cells. We had earlier identified [8] that net citrate production by normal prostate acinar epithelial cells resulted from the inhibition of citrate oxidation, and not inhibition of isocitrate oxidation, which suggested that m-aconitase might be the site of inhibition.
m-Aconitase has typically been described as an equilibrium reaction that rapidly catalyzes the conversion of citrate to isocitrate for entry into the Krebs cycle. As such, m-aconitase, unlike the "oxidation" enzymes, had not been considered to be a "regulatory enzyme" in the operation of the Krebs cycle. Fig. 3 shows the typical equilibrium reaction catalyzed by maconitase in mammalian cells; which generally results in a cellular citrate/isocitrate ratio ~9-10/1, regardless of the citrate and isocitrate concentrations. However our studies with prostate tissues [9] revealed a consistently higher citrate/isocitrate ratio ~30-40/1 ( Table 2 ).
The perplexing issue became the mechanism by which the m-aconitase reaction in the prostate cells exhibit a citrate/isocitrate ratio ~30-40/1, along with the inhibition of citrate oxidation. At that time, no known cellular metabolic/biochemical condition or agent existed to explain this phenomenon; despite the history of extensive research and interest in maconitase enzymology. However, in 1997 [7] we established with kinetic studies of prostate and kidney mitochondria and purified m-aconitase enzyme that increased zinc as exists in the prostate cells is a specific inhibitor of m-aconitase activity. The m-aconitase reversible equilibrium reactions (Fig. 3 ) present six cites of potential zinc inhibition. Zinc directly and specifically inhibits the citrate → cis-aconitate reaction; which is the initial step for citrate entry into the Krebs cycle. The equilibrium that results from this inhibition increases the citrate/isocitrate ratio to 30-40/1; which is the ratio that exists in citrate-producing prostate tissue. This provides the most specific and identifiable cellular effect of zinc; which no other cellular condition or zinc effect will mimic. Thus the combination of the increase in citrate and citrate/isocitrate ratio permits the identification and confirmation of in situ effects that are specifically due to changes in the cellular status of zinc.
Zinc transport into prostate mitochondria: the new understanding of zinc trafficking in mammalian cells
Because of the unique status and implications of high zinc accumulation in normal prostate cells, the issue of zinc uptake and accumulation in prostate mitochondria is an important issue. Despite decades of interest and research regarding the importance of zinc in mitochondrial metabolism and function, the mechanism or process for mitochondrial uptake of zinc from the cytosol had never been established until our reported studies in 2004 [10] . This issue becomes more relevant and consequential upon recognition of the status of zinc in mammalian cells in relation to the cellular trafficking of zinc; especially regarding mitochondrial zinc uptake from the cytosolic pool of zinc.
It must first be recognized that, as described by Vallee and Falchuk [11] "In biological systems, very little, if any, zinc is free in solution." Outten and O'Halloran [12] estimated that the free Zn++ ion concentration in the cytosol might be in the fM range; and also reached the conclusion that it is not a physiological pool of zinc. Maret et al. [13, 14] have estimated the cellular free Zn++ ion concentration to be in the range of ~5 pMe1 nM. Nevertheless, consensus exist that the free Zn++ ion concentration (fM-nM) is not a relevant pool involved in the trafficking and cellular actions of zinc.
The important issue becomes the identification of the cytosolic mobile reactive pool of Zn; which is trafficked for intracellular distribution and effects of zinc, especially as the source of mitochondrial zinc. The first consideration is the concentration of the exchangeable reactive pool of zinc; and the second consideration is the composition of the exchangeable pool of cytosolic zinc.
There are no direct measurements of the concentration of the cytosolic exchangeable reactive pool of zinc that exists in mammalian cells. Based on reasonable assumptions and available information (described in Ref.
[2]), we have estimated the cytosolic concentration of exchangeable reactive zinc to be ~5-100 μM, with prostate cells being ~5-10 fold greater than other cells. We further believe that this is a reasonable estimate because it is in the range of Km values for zinc transporters and for effects of zinc on some enzyme activities that we describe below. We think it to be highly unlikely that living systems evolved and exist under conditions in which the Km values for many transporters and for effects on enzymes are >100-fold or more than the existing concentration of their substrates in their natural environment. This was corroborated by our direct studies with mitochondria [15] .
Another issue relates to the composition of the cytosolic exchangeable reactive zinc pool. As we subsequently identified (described below), this pool includes relatively low molecular ligands (ZnLigands) with low to moderate zinc-binding affinities as represented by formation constant log Kf ~ 10 and lower. ZnLigands of logKf ~ 12 and greater are strong zinc chelators that do not provide any cellular exchangeable reactive zinc. Typical cytosolic zinc exchangeable ligands include ZnCit, ZnAsp, ZnHis, ZnCys, and ZnMetallothioneins; the composition of which is dependent on the cell type.
With these conditions in mind, the uptake of zinc and its kinetic properties for prostate and liver mitochondria were established [10] (Fig. 4) . The studies compared zinc uptake from 20 μM ZnCl 2 and 20 μM ZnCl 2 containing 60 μM ligand (ZnCit, ZnHis, ZnCys). Based on the respective logKf values (5, 7, 10) , the free Zn++ ion concentrations of the ZnLigands were ~4 μM, 110 nM, and 80 pM. ZnEDTA (log Kf ~ 14) was employed as a strongly bound zinc chelator containing negligible free Zn++ ion concentration. The zinc uptake rates are essentially identical for the ZnLigands with logKf ~ 10 and lower, even though the free Zn+ + ion concentration varied more than 20,000-fold; and as negligible ~80 pM. Instead, the uptake rates were dependent on the total concentration of exchangeable zinc, which was 20 μM, independent of the Ligand form. With ZnEDTA and also ZnEGTA (logKf ~ 12), no zinc uptake exists.
Zinc uptake rates with ZnCl 2, ZnCit and ZnAsp (logKf ~ 6) exhibited Michaelis-Menton kinetics that demonstrated the existence of a transport process (Fig. 4) . The Km values ranged from ~30 to 60 μM zinc, and the Vmax values ranged from ~0.4 to 0.6 nmol zinc/mg mitochondrial protein/min. Over the range of ~5-50 μM zinc, the uptake rates were identical for all three substrates. Over this range, the free Zn++ ion concentrations for ZnCl2, ZnCit, and ZnAsp preparations were ~5-50, ~1-10, and ~0.05-0.5 μM, respectively. Therefore, the kinetic uptake of zinc is independent of the concentration of free Zn++ ion concentration; but was dependent upon the total concentration of exchangeable zinc. Collectively, these results confirm the likely concentration of the cytosolic pool of exchangeable reactive zinc being in the range of ~5-50 μM, under which the zinc uptake transporter (Km value) is effectively operational.
In addition, the zinc uptake was not dependent on ATP. The kinetics were similar for mitochondrial and mitoplast preparations. Corresponding kinetic studies with liver mitochondria exhibited similar transport properties and similar mitochondrial accumulation of zinc. We subsequently showed that ZnMetallothionein (log Kf ~ 10) is also an exchangeable reactive ligand for the mitochondrial uptake of zinc. The exchange of zinc from the donor ZnLigand to the putative zinc transporter protein occurs without the entry of the Ligand into the mitochondria. Thus, these studies identified for the first time the existence of a putative facilitative zinc uptake transporter located at the inner mitochondrial membrane. The transporter protein exhibits an apparent formation constant of logKf ~ 10-11, which accepts the direct exchange of zinc from the cytosolic donor ZnLigands with logKf ~ 10 or lower. Under these conditions, the higher mitochondrial zinc concentrations that exist in prostate cells results from the higher accumulation of cellular zinc and higher cytosolic concentration of exchangeable reactive zinc that characterizes these cells.
Subsequent to these studies, Seo et al. [16] reported that ZnT2 is a putative zinc importer associated with the inner mitochondrial membrane in mammary cells. It would be important to determine if ZnT2 is the mitochondrial zinc transporter in the prostate cells.
Zinc inhibition of mitochondrial respiration and electron transport of normal prostate epithelial cells
The Nobel Prize laureate, Dr. George Huggins, in 1946 [5] characterized the normal human prostate citrate producing cells as "high aerobic glycolysis, low respiring cells"; which we later confirmed with rat prostate cells [5] . This caused us to initiate studies with prostate mitochondrial preparations to determine the factor(s) associated with the characterization of "low respiring cells". We identified in 1976 [17] that the activity of prostate mitochondrial electron transport/terminal oxidation activity was ~50% lower than liver. At that time, the interrelationship of zinc and prostate metabolism was not known or suspected.
Several early studies with mammalian cells had reported that zinc inhibits mitochondrial respiration and terminal oxidation, although no consensus had been achieved regarding the mechanism and site of the zinc effects [18] [19] [20] [21] [22] [23] Unfortunately, all of these studies employed uMemM concentrations of free Zn++ions; i.e. conditions that are non-existent in normal or pathological cellular environments. Since prostate mitochondria contain much higher zinc levels than other cells, it was important to determine its effect on mitochondria function. We addressed this issue in reported studies [10] with the recognition that the cytosolic concentration of free Zn++ ions is negligible and is not the physiological form of reactive zinc in the cells. We employed physiological relevant ZnLigands and concentrations as described above.
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As shown in Fig. 5 , exposure of prostate and liver mitochondria to ZnCl, ZnCIT, ZnCys resulted in the identical inhibition of succinate stimulated respiration, in accord with their equivalent concentration of 20 μM zinc. The concentrations of free Zn++ ions were 20 μM, ~4 μM, and ~80 pM, respectively; thereby demonstrating that the exchangeable reactive zinc and not the free Zn++ ion concentration is responsible for the zinc effect. ZnEDTA exhibits no effect on respiration due to its binding affinity (logKf ~ 14) that exceeds the logKf < 11 required for exchangeable reactive ZnLi-gands. Notably, the control and ZnEDTA respiration were identical, which demonstrates that the constitutive respiration of the prostate mitochondria is ~50% lower than liver mitochondria; but the inhibitory effect of zinc is the same.
The effects on respiration indicates that exposure to increased zinc levels also inhibits mitochondrial electron transport activity. Fig. 6 demonstrates that, in prostate and liver mitochondria, zinc inhibits succinate-stimulated reduction of oxidized cytochrome c; thereby likely inhibiting complex III (cytochrome c reductase). In contrast, zinc has no effect on cytochrome oxidase activity (complex IV). The inhibition is dependent on the total concentration of exchangeable reactive zinc, and independent of the concentration of free Zn ++ ions. The effects are the same for prostate and liver mitochondria. Table 3 reveals that the constitutive prostate mitochondria respiration and terminal oxidation capacity are significantly lower (~50-80%) compared to liver mitochondria. In itself, this inherent characteristic accounts for the "low respiring" activity and classification of the specialized prostate epithelial cells. In addition, the higher cellular and mitochondrial zinc accumulation further contributes to the inhibition of terminal oxidation of the normal zincaccumulating prostate epithelial cells. Collectively, these relationships highlight the major role of zinc in the unique and specialized metabolic and functional relationships of the prostate epithelial cells.
The combined transport and respiration/electron transport effects of ZnLigands provide the evidence that the trafficking, transport, and reactivity of zinc does not require the presence of a free Zn+ + ion pool; which is a negligible form of reactive zinc in cells. Instead, a direct intermolecular transfer of zinc between donor ZnLigands and recipient ZnLgands/Proteins is the process for cellular zinc relationships. In addition, these studies defined the zinc exchange properties as requiring ZnLigands with zinc binding affinity of logKf < ~11. Although such a direct intermolecular exchange without the requirement for free Zn++ ions had been suggested by others (such as [12, [24] [25] [26] [27] ), these studies provided the experimental evidence that now establishes the process and conditions for zinc trafficking, transport and reactivity for prostate cells and in all cells.
ZIP1 (Slc39A1): the important functional zinc uptake transporter for zinc accumulation in prostate cells
Mammalian cells maintain their required zinc concentration and intracellular distribution by the expression and functional activities of zinc transporters. ZIP family transporters (Slc39A) are generally the plasma membrane transporters that import zinc from the extracellular fluid into the cells. ZnT transporters (Slc30A) are generally intracellular transporters that distribute the cytosolic zinc among the organelles. Since the total cellular zinc is first dependent on the uptake of zinc from the cell's extracellular fluid (mainly from the interstitial fluid derived from blood plasma), we initially focused on the identification of the functional ZIP transporter in prostate cells. It is important to emphasize that determination of the transporter's gene expression does not establish the functional activity of the transporter; nor does the determination of the abundance of the transporter protein by Western blot analysis. Instead, in situ immunohistochemistry is required to establish the localization of the transporter at the plasma membrane; and, when applicable, the localization at the apical and/or basolateral membrane. Moreover, the immunohistochemistry must be determined in human tissue to establish the in situ status of the transporters. Studies with cell lines should not be employed to establish the tissue in situ status of these transporters. Unfortunately, most studies have provided gene expression and Western blot analyses in the absence of immunohistochemistry; and some studies have employed cell lines to establish the in situ transporter functional relationships. Such have too often resulted in questionable or inappropriate conclusions.
We first identified in 1999 and subsequently [28] [29] [30] that ZIP1 is a plasma membrane transporter in prostate cells that exhibits functional kinetic zinc uptake properties (Fig. 7) . Zinc uptake in prostate cells is increased when ZIP1 expression and abundance are increased, and zinc uptake is markedly decreased when ZIP1 is downregulated (Fig. 7C) . In situ immunohistochemistry of human prostate tissue shows that ZIP1 transporter is localized at the basolateral and apical cell membrane of the normal acini epithelium; and its specificity is demonstrated by the absence of ZIP1 in the stromal tissue (Fig. 7) . Also, as described below, ZIP1 transporter coexists with the high levels of zinc in the normal epithelium; and in prostate cancer, ZIP1 transporter is essentially absent along with the decrease in zinc in prostate cancer. These collective observations provide compelling evidence that ZIP1 is the important functional transporter involved in the uptake and accumulation of zinc in normal prostate. Further support is derived from the absence of ZIP2 and ZIP3 transporter localization at the basolateral membrane of the acinar epithelium [31] thereby revealing that they are not involved in the transport and uptake of zinc from blood plasma. Others have confirmed the role of ZIP1 for zinc uptake in prostate cells [32] [33] [34] ; and no other ZIP transporter has been correspondingly identified as an important functional human prostate zinc uptake transporter.
Hormonal regulation of prostate zinc accumulation and citrate production
It had been known since 1965, 1966 [35, 36] that prostate citrate production is regulated by testosterone; and since 1967 [37] that it is also regulated by prolactin. This redundant hormonal control underscores the importance of citrate production as a major function of the human prostate gland. To affect their respective hormonal regulation, the target of testosterone and prolactin must be the acini epithelial cells in the peripheral zone in humans. Since these are specialized zinc-accumulating cells required for citrate production, testosterone and prolactin also regulate zinc uptake and accumulation [3, 28, 38] . It is reasonable to suggest that a major reproductive function of prolactin in males is its regulation of prostate citrate production and secretion as a major component of seminal fluid.
The mechanisms and signaling pathways of testosterone and prolactin regulation could not be investigated until the metabolic pathway of prostate citrate production and the role of zinc were identified. This information began to evolve from our reported studies from ~1980 to 2000; which culminated in the identification of the pathway of prostate citrate production and the role of zinc as represented in Fig. 2 . Consequently, we were able to investigate the regulation of this pathway by testosterone and prolactin [38] .
It is noteworthy that both hormones exhibit positive regulation of the expression and abundance of ZIP1 zinc transporter; aspartate transporter (EAAC1); mitochondrial aspartate aminotransferase (mAAT); and pyruvate dehydrogenase E1a (PDH). This demonstrates that the hormonal control involves the coordinated regulation of key reactions in a metabolic sequence, which is necessary to optimize the operation of the metabolic pathway. This dual hormonal control is achieved by their regulation of the gene expression of each of these important enzymes and transporters associated with the altered specialized metabolic pathway of net citrate production.
We refer to these genes as "metabolic" genes to different them from the regulation of "cytokine" genes. This is an important distinction for reasons that we have described in Refs. [38, 39] . A major difference is that these regulatory enzymes and transporters involved in metabolic pathways exist in very low concentration consistent with their cellular Vmax activities. Consequently, altered gene expression in the range of less than ~5-fold will effect significant change in the abundance and activity of the regulatory enzyme/transporter. Increased gene expression and abundance of the product that greatly exceeds its Vmax is superfluous and of no metabolic value. Thus the mechanism of gene regulation of "metabolic" genes is consistent with these requirements. However, the products of cytokine genes involve large changes in gene expression and their protein products; to the extent that changes of the magnitude of ~2-fold or less are not even considered to be relevant. This criterion should not be applied to metabolic genes.
Testosterone regulation
Our studies [38] identified that testosterone regulation is achieved by the presence of androgen response elements (ARE) located in the promoter region of these metabolic genes. Testosterone conversion to DHT (dihydrotestosterone); followed by its binding to androgen receptor results in activation of the ARE and increased gene expression. This provides a rapid androgen pathway for the regulation of the metabolic genes in the prostate cells.
Prolactin regulation
However, prolactin regulation of these metabolic genes occurs via an alternate signaling pathway from the cytokine effects of prolactin. The cytokine effects of prolactin in prostate cells are generally mediated predominantly through the hormone-receptor initiation of a tyrosine kinase-associated signaling pathway; which involves cascading activation of immediate-early, intermediate and late-acting (final effector) genes [38] . Such a gene regulation process is inconsistent with achieving the rapid and specific direct regulation of the metabolic genes. Instead our studies have shown that the metabolic genes are immediateearly final effector genes in response to prolactin. This is achieved via prolactin-receptor activation of the phospholipase-diacylglycerol pathway; which results in the direct rapid activation of PKCε, and is immediately followed by increased transcription of the metabolic gene.
It is surprising to note that, since our reported studies regarding the role and mechanism of testosterone and prolactin regulation of prostate zinc and citrate-related metabolism, this issue has received little attention and progress. This is especially unfortunate, given the importance of the issue of androgen responsive prostate cancer; and given the unsettled issue of the possible role of prolactin in the development of prostate cancer.
Summary (1-8)
It is evident that the inhibitory effects of zinc on m-aconitase activity, on respiration, and on terminal oxidation are not specific for prostate; but apply to other cells. The specificity of these effects results mainly from the uniquely higher cellular and mitochondrial zinc levels that normally exist in the zinc-accumulating specialized prostate cells as compared to other cells. This, along with the inherent low capacity of terminal oxidation, provide the metabolic conditions that result in the prostate cells being characterized as "low respiring cells". These effects result from the important functional role of ZIP1 as a major factor in the uptake and accumulation of zinc in the prostate cells. This provides a higher cytosolic concentration of reactive exchangeable ZnLigands for increased mitochondrial transport and accumulation. The redundant regulation of zinc accumulation and prostate citrate production and the metabolic genes by testosterone and prolactin are indicative of its importance as a major function of the prostate gland in humans.
Decreased zinc: the "hallmark" characteristic of prostate cancer
Since 1952 [40] more than sixteen reports have consistently identified that zinc is markedly decreased (~60-80% with a standard error of <10%) in prostate cancer compared to normal and benign prostate (for reviews [41, 42] ). This amazing statistical consistency exists despite variables among these studies; such as different populations, differing stages of cancer, differing composition of tissue components, differing zinc assay methods, and other variables. In contrast to this established clinical zinc relationship, there exists no confirmed or corroborated report of prostate cancer in which zinc is not decreased. Moreover, it is well established by in situ zinc staining of prostate tissue sections that the decrease in the tissue zinc concentration is due to the specific decrease in the malignant cells compared to the high zinc levels found in the normal peripheral zone epithelium (Figs. 1, 7 and 8) [30, 34, 43] . These overwhelming data clearly establish that zinc is always decreased in prostate cancer. More importantly, the data reveal that prostate cancer in which the malignancy retains the high zinc levels of normal prostate epithelium never (or rarely) exists.
No other clinical biomarker, genomic condition, oncogenic factor, or other specific malignancy factor exhibits the global consistency among all cases of prostate cancer as the decrease in zinc (and citrate). Despite its important implications, this established clinical relationship has not received the broad recognition, attention, and interest among the clinical/biomedical community that should be expected. Thus progress over the years has been impaired in the application of the zinc relationship to important issues such as the identification of early events in the development of prostate malignancy; the identification of zinc-related biomarkers; and the potential for development of a zinc treatment approach and prevention for prostate cancer. The following presentation will highlight the role, implications, and potential application of the zinc relationship relative to these contemporary issues of prostate cancer.
ZIP1 downregulation: a major mechanism for decreased zinc in ZIP1-deficient prostate cancer
Since ZIP1 is the major zinc uptake transporter in prostate cells, we suspected that its down regulation might be involved in the decrease in zinc in the malignant cells. Notably, Rishii et al., in 2003 [44] determined by in situ RT-PCR of prostate tissue sections that ZIP1 gene expression in African-Americans was lower than the expression in matched Caucasians; which they suggested might be associated with the race-related higher incidence of prostate cancer. Our reported studies in 2005 [30] using ZIP1 immunohistochemistry, in situ RT-PCR, and in situ zinc staining established that ZIP1 gene expression, ZIP1 transporter protein abundance, and cellular zinc are prominent in normal peripheral zone acinar epithelium (Fig. 8) . In contrast, ZIP1 gene expression is markedly down-regulated, and ZIP1 transporter and zinc are depleted in the adenocarcinoma glands. These concurrent changes are evident in prostate intraepithelial neoplasia (PIN), in highly-differentiated malignancy, and during its progression in the peripheral zone. Thus the absence of plasma membrane localized ZIP1 transporter in the malignant cells along with the concurrent loss of zinc is evidence that ZIP1 down regulation is the cause of decreased zinc levels in malignancy; and that this is an essential early event in the development of prostate malignancy. These observations were subsequently confirmed in similar studies reported by Johnson et al. [34] .
The above relationships lead to an important new clinical characterization of prostate cancer as being a "ZIP1-deficient malignancy". This identification is essential for the future biomedical and clinical research having appropriate translational application of the implications of zinc in human prostate cancer. Prior to our 2005 report, essentially all zincrelated experimental studies and their results and conclusions involved the employment of malignant prostate cell lines (such as PC-3, LnCaP, Du-145) that were derived from human prostate cancer tissues. As such, they were presumed to represent the ZIP/zinc status that existed in the in situ malignancy in prostate cancer. The early studies of the role and effects of zinc and zinc transporters were conducted with the knowledge that these cell lines exhibited the presence ZIP1 plasma membrane localized transporter. Thus, it was presumed by us and by others that this represented the status of ZIP1 in the malignant cells in situ in prostate cancer. However, the clinical reports described above made it apparent that the in situ status of ZIP1-deficient malignant cells is not represented in the malignant cell lines under typical culture and experimental conditions. Consequently, translational application of the results and conclusions of such studies need to be re-assessed. Unfortunately, most reported zinc studies continue to employ the ZIP1-expressing cell lines for representing the in situ malignancy in prostate cancer.
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The ZIP1/Zn genetic/metabolic transformation during the oncogenic development of premalignancy leading to progression to malignancy
Most contemporary oncogenic concepts do not include or identify a "premalignancy phase" during transformation of a normal cell to its malignant cell. However the neoplastic cell must undergo "genetic/metabolic" transformations; so as to provide the bioenergetic/ synthetic requirements for the malignant activities (such as growth, proliferation, motility, invasion). This event applies to all cancers, in recognition that the metabolism of a cell must change when the functional activity of the cell changes [45] . As represented in Fig. 9 , the oncogenic initiation of the transformation of the normal cell results in the neoplastic cell that has potential capability to develop to a malignant cell. This requires genetic/metabolic alterations in the transformation of the neoplastic cell leading to premalignant cells and the progression to malignancy. Fig. 9 shows the oncogenic concept as it applies to the ZIP1/Zn transformation during the development of prostate cancer. When viewed in this context, the following important issues and relationships relating to the development of prostate cancer become evident. Since the ZIP1/Zn transformation occurs in all or nearly all cases of prostate cancer, the identification of the upstream oncogenic factors involved in the down regulation of ZIP1 becomes an important relationship for revealing the etiology of prostate malignancy. Also apparent is the potential targeting of premalignancy for a zinc treatment regimen that prevents the development and progression of prostate malignancy. Another potential is the targeting of the premalignant ZIP/Zn transformation as a histological biomarker for the early identification of questionable PSA/biopsy at-risk individuals.
Since ZIP1 down regulation is evident in PIN and in well-differentiated malignancy, it must be a premalignant transformation that is initiated by upstream oncogenic factors. In addressing this important issue, we recently identified [46, 47] that REBB-1 transcription factor (ras responsive binding element protein-1) is a negative regulator of ZIP1 gene expression (Fig. 10) ; and its in situ upregulation in early development of the malignant cells results in the down regulation of ZIP (Fig. 11 ). This event couples the RAS initiation of prostate oncogenesis to its down-stream regulation of the RREB1/ZIP1/Zn transformation that is essential for the development of prostate malignancy (Fig. 9B) . Now, it becomes important to identify the signaling pathway for RAS upregulation of RREB-1. RREB-1 is involved in either as a positive or negative regulator of respective genes in several cancers; but its regulation via RAS signaling remains poorly understood and speculative [48] [49] [50] [51] .
Zinc as a cytotoxic agent in malignant prostate cells
As described above, the normal peripheral zone prostate glandular epithelial cells evolved as unique zinc-accumulating cells; which was necessary to fulfil the major specialized prostate function of citrate production and secretion. This required that these cells possess conditions that prevent the high cellular zinc levels from imposing cytotoxic effects; while providing the normal activities of the specialized cells. However, the evolution of malignant cells involves the elimination of the highly specialized zinc-accumulating capability of the normal cells. As such, the malignant cells are susceptible to cytotoxic effects that will result from the high zinc levels that exist in the normal cells. Therefore the malignant cells evolved with conditions that silence ZIP1 expression, which results in decreased abundance of plasma membrane ZIP1 transporter. This prevents the uptake and accumulation of high cellular zinc level and its cytotoxic effects; which is why malignancy that retains the normal high levels of zinc rarely, if ever, exists.
Many reports have demonstrated that the treatment of malignant prostate cells with physiological levels of zinc that will increase the cellular accumulation of zinc results in cytotoxic effects, such as inhibition of cell proliferation, promotion of apoptosis, and inhibition of cell migration and invasion (for reviews [45] [46] [47] ). It is important to note that some studies purport to demonstrate that zinc treatment promotes cell growth and prevents apoptosis of malignant cells. Such results exist when one employs experimentally zincdepleted cells (for example TPEN-treated cells) [42, [52] [53] [54] [55] . TPEN has a logKf ~ 15, which, even at low concentrations, will irreversibly tightly bind all of the exchangeable reactive zinc, and most (or all) of the total cellular zinc. Such conditions result in dying cells, in which zinc treatment restores the zinc levels that the cells require for their survival and normal activities. Such an experimental model does not represent a cellular zinc status that exists in situ under living conditions.
Zinc for the treatment of ZIP1-deficient prostate cancer

The need for an efficacious chemotherapy for prostate cancer
In recent years, about 230,000 new cases and about 30,000 deaths due to prostate cancer occur annually in the USA [56] . Although the mortality rate from prostate cancer is relatively low, it is still the second leading cause of cancer deaths in males. Thus it becomes evident that the morbidity and mortality of prostate cancer continues to constitute an important health issue. The major problem is the absence of effective treatment for advanced stage malignancy and metastasis; and for the hormone-resistant cancer following androgendeprivation treatment. Organ-confined prostate cancer is generally treatable and curable, but it requires invasive procedures often with attending side-effects. A reliable and relatively innocuous chemotherapy would be advantageous in many of these cancer cases. In addition, the suspicion of unconfirmed early malignancy or the presence of low volume and low grade malignancy is often followed by "active surveillance"; during which no treatment is employed until the appearance of malignant progression. When malignancy is confirmed, invasive treatment regimens are employed. Such conditions would also benefit from an effective chemotherapy or prophylactic regimen. For decades these issues have been the focus of intense research in search of an effective chemotherapeutic approach for prostate cancer; and, yet the problem continues to exist.
The cytotoxic effect of zinc as a basis for a zinc treatment approach for prostate cancer
We first identified zinc as an inhibitor of prostate citrate metabolism in 1981 [57] ; In 1999 we identified zinc as an inhibitor of prostate malignant cell proliferation and also induced apoptosis [58] , which lead us to propose that zinc treatment might provide an approach for prostate cancer. Since then many reported studies have confirmed and extended the in vitro cytotoxic effects of zinc on malignant prostate cells. Notably, we demonstrated in 2003 [59] that the in vitro cytotoxic effects of zinc on malignant prostate cells are also manifested in vivo for zinc-treatment suppression of the growth of PC-3 tumors in the mouse xenograft model (Fig. 12) . At that time, we employed wildtype PC-3 cells that exhibit ZIP1 transporter; so that the ZIP1-expressing tumor cells were capable of importing and accumulating zinc from circulation. However, the importance of that study was its demonstration that under in vivo conditions in which tumor cells accumulate zinc, tumor growth is inhibited, and apoptosis, the Bax and Bax/Bcl2 ratio, and citrate are increased; which are direct effects of zinc on malignant cells [60, 61] .
Consequently these cytotoxic effects of zinc, coupled with the clinical identification of the requirement of decreased zinc for the development and progression of prostate malignancy, strengthens the plausibility of a zinc treatment approach for prostate cancer. However, the identification of the in situ "ZIP1-deficient" status of prostate cancer malignancy imposes the issue that a treatment regimen based on increasing the concentration of plasma zinc delivered to the malignant site will not effectively increase the uptake and accumulation of zinc in the ZIP1-deficient malignant cells. Thus a zinc treatment approach must recognize and address this clinical relationship.
Zinc ionophore (clioquinol) as a model for treatment of ZIP1-deficient prostate cancer
It is now evident that a zinc treatment approach requires a mechanism or factor that will facility the uptake of zinc from the interstitial fluid and into the cytosol of the ZIP1-deficient malignant cells. In addition, the delivered intracellular zinc must be in an exchangeable reactive ZnLigand form (logKf < 11) that will manifest the cytotoxic effects of zinc in the malignant cells. One approach to achieve these requirements is the employment of an appropriate zinc ionophore as represented by clioquinol (5-chloro-7-iodo-8-hydroxyquinoline), which has a formation constant of logKf ~ 8. An additional requirement is that such an ionophore, once in circulation, will successfully compete with the other ligands for binding of the plasma zinc; so that sufficient ZnIonophore is available for delivery into the ZIP1-deficient malignant cells. Whether or not these requirements can be achieved under the complex and competing factors that exist in the in human in vivo status of the cancer had not been established until our recent studies [62, 63] . However Ding et al. [64] [65] [66] have demonstrated that clioquinol administration in xenograft animals with experimental tumors exhibits tumor suppressor effects, but none had considered or involved the status of ZIP transporter deficient tumors.
To address this issue we developed a ZIP1-deficient PC-3 cell line (PC3/-ZIP1). These cells were employed to induce ZIP-1 deficient tumor development in the mouse xenograft model, in which the animals were treated with clioquinol or vehicle (described in Ref. [62] ). The animals received IP administration of 30 mg clioquinol/Kg or vehicle every other day for five or more weeks after initial tumor development. This dosage regimen approximates the relatively non-toxic dosage in humans [67] [68] [69] and in mice [64, 65] . Fig. 13 summarizes the combined results of two experiments reported in Refs. [62, 63] ; and shows that clioquinol treatment markedly suppressed the tumor growth rate by ~85%. We also determined that the citrate concentration of the tumors from CQTX animals was increased by ~110% compared to the citrate concentration of the tumors from the untreated animals. This verifies that clioquinol effectively increased the mobile reactive zinc concentration in the ZIP1-deficient tumors. This also supports the reason why ZIP1-deficient human prostate cancer rarely, if ever, exists with the high level of zinc that is in the normal epithelial cells.
The strength of the existing supporting clinical and experimental evidence should lead to pursuant studies for the development of a zinc treatment regimen to address the extensive morbidity and mortality presented by prostate cancer.
Applying the zinc treatment for prostate cancer
At this time the evidence presented above of the successful suppression by zinc treatment of human prostate tumor growth has been demonstrated in the mouse xenograft model. This model demonstrates that the tumors, as representing primary site malignancy, responds to the cytotoxic effects of increased uptake and accumulation of zinc. However, the xenograft model does not permit the determination of zinc treatment effects on the development of malignancy, nor generally on metastases and metastatic cells. Studies of such effects are essential to the practicality of the application of zinc treatment for prostate cancer.
The expectation that the zinc treatment cytotoxic effects will be manifested during the initiation and early development of prostate malignancy is supported by clinical evidence. Our studies [30] and those of Johnson et al. [34] have shown that the down regulation of ZIP1 and the decrease in zinc are evident in PIN and in well-differentiated malignancy. Cortesi et al. [70] employing in situ identification of zinc levels in peripheral zone similarly described that "the zinc depletion occurs not only in the cancerous tissue segments but also … in the non-cancer components surrounding the lesion." Horn et al. [71] with in situ MRS imaging showed that PIN lesions exhibit decreased citrate, which would be due to loss of zinc. Such clinical observations are consistent with our view that the events of down regulation of ZIP1 and loss of zinc occur in premalignancy, and prior to the histopathological identification of malignancy. Such relationships make it likely that a zinc treatment regimen could prevent the development of malignancy such as for individuals with elevated PSA and questionable biopsy confirmation of malignancy. Since the zinc treatment would likely be somewhat innocuous, its employment to abort potential early development and progression of malignancy would be advantageous over the absence of any mitigating interventions in an "active surveillance" protocol.
Although the zinc status in metastatic and advanced hormone-independent prostate cancer has not been established, some existing evidence indicates the likelihood that the loss of zinc persists in the advanced stages of malignancy. Heijmink et al. [72] showed that citrate is absent in lymph node metastasis; and this would be indicative of decreased zinc. Kim et al. [73] reported that promotion of prostate cancer invasion and metastasis occurs by decreasing intracellular zinc levels. Compelling evidence is also provided by identification of the loss of citrate, zinc, and ZIP1 in the metastatic lymph nodes in TRAMP. Based on such evidence, it is reasonable to expect that a zinc treatment approach will increase zinc accumulation and its cytotoxic effects in metastatic cells. [74] . It is extremely relevant that this identical relationship exists in both human prostate cancer and TRAMP; which re-enforces the validity that the development and progression of prostate malignancy requires the decrease in zinc in order to prevent zinc cytotoxicity; and that this is universal regardless of the genomic variations that are represented in prostate cancer. This now provides an excellent animal model to study and explore develop a zinc treatment approach for developing and progressing ZIP1-deficient prostate cancer. In situ zinc dithizone staining of normal and malignant peripheral zone. Note the prominent zinc staining in the normal acini epithelium compared to lower zinc in the stroma. The malignant cells exhibit low zinc staining. Identification of the metabolic alterations in the specialized citrate-producing normal prostate cells compared to the typical citrate metabolism in most mammalian cells. Blue represents key transporters and enzymes required for citrate production and secretion. PDH = pyruvate dehydrogenase; MAAT = mitochondria aspartate aminotransferase; CS = citrate synthase; acon = aconitase; CTP = citrate transport protein. Zinc effects on electron transport of prostate and liver cell mitochondria. All ZnLigands contained 20 μM Zn (Taken from Ref. [10] ). The concept of the genetic/metabolic transformation in the oncogenic development of malignancy in cancer; and the implications of ZIP1/Zn down regulation in prostate cancer.
A. The oncogenic initiation of the transformation of the normal cell to the neoplastic cell, and its progression to premalignancy and the development of malignancy. B. RREB-1 as a negative regulator of ZIP1gene expression, and its upregulation during the transformation of the neoplastic cell to the premalignant cell, so as to silence ZIP1 expression and prevent cytotoxic zinc accumulation in the progression to malignancy. (PIN = prostate intraepithelial neoplasia premalignant lesion). Citrate and isocitrate in prostate tissues (nmols/gm). Arch Biochem Biophys. Author manuscript; available in PMC 2017 December 01.
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